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Evolution is often characterized as a process involving incremental genetic changes that are
slowly discovered and ﬁxed in a population through genetic drift and selection. However,
a growing body of evidence is ﬁnding that changes in the environment frequently induce
adaptations that are much too rapid to occur by an incremental genetic search process.
Rapid evolution is hypothesized to be facilitated by mutations present within the popula-
tion that are silent or “cryptic” within the ﬁrst environment but are co-opted or “exapted”
to the new environment, providing a selective advantage once revealed. Although cryptic
mutations have recently been shown to facilitate evolution in RNA enzymes, their role in
the evolution of complex phenotypes has not been proven. In support of this wider role,
this paper describes an unambiguous relationship between cryptic genetic variation and
complex phenotypic responses within the immune system. By reviewing the biology of the
adaptive immune system through the lens of evolution, we show thatT cell adaptive immu-
nity constitutes an exemplary model system where cryptic alleles drive rapid adaptation of
complex traits. In naiveT cells, normally cryptic differences inT cell receptor reveal diversity
in activation responses when the cellular population is presented with a novel environment
during infection.We summarize how the adaptive immune response presents a well stud-
ied and appropriate experimental system that can be used to conﬁrm and expand upon
theoretical evolutionary models describing how seemingly small and innocuous mutations
can drive rapid cellular evolution.
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INTRODUCTION: THE ROLE OF CRYPTIC GENETIC VARIATION
IN EVOLUTION
Cryptic genetic variation (CGV) describes genetic diversity that is
hidden within populations that occupy their native habitats but
that is revealed as trait diversity within new environments (Gib-
sonandDworkin,2004;LeRouzicandCarlborg,2008;Schlichting,
2008; McGuigan and Sgrò, 2009). CGV has been revealed in pop-
ulations through changes in pH, temperature, nutrient concen-
trations,moisture,salinity,oxygen,altitude,habitat,andhormone
levels. In Drosophila melanogaster, the presence of cross veins in
wings, wing shape, scutellar bristle number, and the patterning
of photoreceptors in the eye are each highly polygenic traits with
little variation in native environments but considerable variation
under modiﬁed environmental conditions.
Cryptic genetic variation is of considerable scientiﬁc inter-
est due to its potential contribution to evolution (see Cryp-
tic Genetic Variation and Evolution in Appendix) and particu-
larly for rapid evolutionary responses to changing environments.
Rapid evolution – evolutionary change that is orders of mag-
nitude faster than expected based on inferences from the fossil
record – has been reported in dozens of species where local pop-
ulations are presented with novel environments (Hendry and
Kinnison, 1999; Kinnison and Hendry, 2001; Reznick and Gha-
lambor,2001). Rapid evolution is unlikely to be driven by de novo
mutations due to the relatively slow pace that new genotypes can
bediscoveredandﬁxedinapopulation.Ontheotherhand,stand-
ing genetic variation is more likely to support rapid evolution in
novelenvironmentsbecauseitisavailableimmediatelyatthetime
that selection changes and because multiple copies of a beneﬁcial
allelemayalreadyexisttherebyincreasingboththespeedandlike-
lihood of ﬁxation (Barrett and Schluter, 2008). Because cryptic
geneticvariationisselectivelyneutralintheoriginalenvironment,
it can accumulate and be maintained,while its release of heritable
trait diversity could provide fuel for rapid evolutionary responses
to environmental change.
In line with this paradigm, a recent study by Wagner and col-
leagues, using a ribozyme RNA enzyme as their experimental
model, conﬁrmed that ribozyme populations containing cryp-
tic variation more rapidly adapted to new substrates compared
to ribozyme populations that did not contain cryptic mutations
(Hayden et al., 2011). This study provides the ﬁrst direct exper-
imental conﬁrmation that cryptic genetic changes can promote
rapid evolution. While additional studies strongly implicate CGV
in the rapid evolution of complex phenotypes (for example see
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Palmer,2004;McGuiganetal.,2011),adirectconnectionbetween
cryptic alleles and novel traits has not been conﬁrmed in other
studies. Directly demonstrating the contribution of CGV in rapid
evolution of a complex organism remains a challenging milestone
(McGuigan and Sgrò, 2009), in part because genetic diversity can
be distributed over a large genome, traits can have a large but
unknown genetic footprint,and several factors such as mutations,
stochastic effects, and environmental heterogeneity can inﬂu-
ence allele frequencies and confound links between CGV and
adaptation.
To formally conﬁrm the role of cryptic variation in the evolu-
tionofcomplexphenotypesitisessentialtoidentifymodelsystems
where speciﬁc and well-characterized cryptic alleles can be shown
to drive trait differences with adaptive signiﬁcance in new envi-
ronments. In this review we explain how the adaptive immune
response of T cells provides an ideal model system that clearly
demonstratesthepotentiallyimportantrelationshipbetweenCGV
and rapid evolution.
THE ADAPTIVE IMMUNE SYSTEM: A PRIMER
The adaptive immune system provides vertebrates with the abil-
ity to recognize and respond to a variety of pathogens including
parasites, bacteria, fungi, and viruses. The primary effector cells
of the adaptive immune system are B cells and T cells, which are
derived from the same multi-potent hematopoietic stem cells. B
cells mature in the bone marrow and are involved primarily in the
creation of antibodies. B cells express the B cell receptor (BCR),
which is a membrane-bound antibody molecule. Different BCRs
recognize and bind to their respective foreign molecules (anti-
gens). Once a B cell binds its cognate antigen and receives an
additional signal from a helper T cell,it activates proximal signal-
ing events triggering its differentiation into a short lived effector
plasma cell that functions to secrete antibodies (soluble forms
of the BCR) that bind to its cognate antigen. Antibodies bound
to foreign molecules make them easy targets for phagocytosis
and other clearance mechanisms. Sub-populations of activated B
cells differentiate into long-lived antigen-speciﬁc memory B cells,
which remain in circulation and can respond quickly if the host is
re-infected by the same pathogen.
T cells mature in the thymus and are involved primarily in
cell-mediated immune responses. They differ from B cells in that
theirantigenbindingreceptor,knownastheTcellreceptor(TCR)
can only recognize peptide antigens that have been proteolytically
cleavedandpresentedinthecontextof ahostcellmajorhistocom-
patibility complex (MHC) protein (Figure A2 in Appendix). All
nucleatedcellsarecapableof expressingantigeninanMHCclassI
complexandactivatingaTcellresponse.HoweverBcells,dendritic
cells, and macrophages additionally express MHC class II mole-
cules, as well as other immune-stimulatory molecules, that allow
enhanced activation of T cells, and are classiﬁed as professional
antigen-presenting cells (APCs).
Therearetwoprimarytypesof Tcells,cytotoxicTcells(CTLs),
and helper T cells. Naive CTLs are activated when they recog-
nize their cognate antigenic peptide presented in the context of an
infectedhostcell’sMHCclassImolecule.Onceactivated,theCTL
undergoesclonalexpansionwhereitsimultaneouslydifferentiates
into a mature CTL and divides rapidly,generating a large number
of activated effector cells that travel through the body and scan
for infected cells expressing the same antigenic peptide. Active
CTLs induce lysis and apoptosis in infected cells. Most effector
CTLs undergo apoptosis and are cleared away by phagocytic cells
once the infection is resolved, however a subset of CTLs differ-
entiate into memory cells that can rapidly respond to subsequent
infections by the same pathogen. Helper T cells have no cytotoxic
activity, and instead function to regulate the adaptive immune
response. The TCR of T helper cells recognize antigen peptide
boundtoclassIIMHCmoleculesonthehostcellsurface.Theacti-
vation of naive T helper cells results in differentiation and clonal
expansion similar to CTLs. Unlike CTLs, activation of helper T
cells triggers them to release cytokines that regulate the activity of
many types of cells including APCs, B cells, and CTLs.
Together, the components of the adaptive immune system
respond rapidly and speciﬁcally to infection from previously un-
exposedpathogens(Raff,1973).Importantly,inmostcases,during
subsequent exposure to the same pathogen,the memory response
is so protective that no outward signs of re-exposure may be
seen (Sallusto et al., 2004). Although many of the characteris-
tics of the adaptive immune response were demonstrated decades
ago (North, 1969; Paul and Benacerraf, 1977), the elegance and
efﬁciency of antigen recognition was not fully appreciated until
the genetic and molecular basis of this response was determined
(Rajewsky,1996).
THE IMMUNOLOGICAL ROLE OF THE T CELL RECEPTOR
Under conditions where foreign proteins are present, such as
during a viral infection or phagocytosis of a pathogen, foreign
peptides become available to be processed and loaded onto MHC
molecules. It is the replacement of a proportion of endogenous
self-peptides by foreign peptides that activates the T cells in the
periphery. T cell activation involves an elaborate series of events
between the T cell and the MHC-expressing APC (Summary of
T Cell Selection in the Thymus in Appendix). Several receptor–
ligand interactions between T cells and APCs are important for
activation, however activation differences between T cells are
determinedbywhetherTCRrecognizestheforeignpeptideloaded
onto the MHC molecule. Interestingly, T cell activation has been
shown to be digital in nature: a T cell can only exist in an “Off”
(resting)stateoran“On”(activated)state(Altan-BonnetandGer-
main,2005;Danielsetal.,2006;Chakrabortyetal.,2009;Dasetal.,
2009; Lin et al.,2009; Prasad et al.,2009). This means that as long
as the threshold of activation is achieved, relatively weak stimuli
(lowafﬁnity)willinducethesameresponseasstrongstimuli(high
afﬁnity) at the single cell level. In other words,selectively relevant
trait differences in T cells can be captured by a single binary vari-
able (Altan-Bonnet and Germain,2005;Chakraborty et al.,2009).
Although there are some differences in how activation takes place
fordifferentclassesof Tcellsandthedifferenttypesof MHCmol-
ecules, TCR recognition of the peptide loaded MHC remains the
deﬁning step in all cases of T cell activation.
THE GENETIC BASIS OF THE TCR REPERTOIRE
The development of a diverse T cell repertoire is a critical step
for maintaining the overall health of an organism as it allows the
adaptive immune system to respond to many different pathogenic
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antigens. Genetic variation of the TCR across the T cell popula-
tion provides the requisite variety of cell response options that is
necessary for the adaptive immune response. These genetic differ-
encesamongTcellsarisethroughthestochasticrecombinationof
a diverse set of gene segments that make up the TCR. The TCR
itself is composed of several subunits ultimately expressed on the
surface of the cell. The α and β chains of the TCR are directly
responsibleforligandrecognitionandthereforerepresentthevari-
able and unique portion of each TCR complex that interacts with
peptide–MHC complexes. The other subunits that comprise the
TCR (collectively called CD3 chains) are non-variable and are
responsible for propagating signals in the cytoplasm of the cell.
These signaling subunits contain highly conserved motifs that
are critical for initiating the intracellular events leading to T cell
activation.
T cell development begins with the entry of T cell progenitors
into the thymus, which initiates a program of differentiation that
includes TCR gene re-arrangement and expression (Figure 1 and
Summary of T Cell Selection in the Thymus in Appendix). The
variability of each α and β chain is generated by the random selec-
tion and imprecise joining of different germline encoded gene
segments (Schatz, 2004). The recombination of these gene seg-
ments also involves the addition of random nucleotides at each
gene segment junction further increasing the variability seen in
TCR repertoires. The α and β chains, if recombined successfully,
arethenco-expressedandassembledwiththeCD3chainstoform
a TCR with speciﬁcity that is unique to that cell. Studies have
suggested that this mechanism can potentially generate 1012–1015
different possible TCRs (Davis and Bjorkman, 1988). The sto-
chastic generation of the TCR by recombination thus constitutes
a large, pre-established genotype space for TCR and along with
its associated antigenic speciﬁcity provides a relatively simple and
well-deﬁned ﬁtness landscape of T cell activation.
TCR/MHC INTERACTIONS WITHIN THE THYMUS DICTATE SELECTION
OF THE NAÏVE T CELL POPULATION
Mature T cells present in the periphery must be able to care-
fully distinguish between cells presenting harmless endogenous
self-peptides and cells presenting foreign peptides derived from
potentially dangerous pathogens. Once the TCR has been assem-
bledthroughstochasticDNArecombination,itisrigorouslytested
within the thymus to ensure that it is functional but will not
respond to self-peptides (Figure 1 and Summary of T Cell Selec-
tionintheThymusinAppendix).Defectsinthisselectionprocess
can lead to either profound immunodeﬁciencies or debilitating
autoimmune diseases. At the heart of this selection process is the
determination of how the newly formed TCR interacts with a
peptide loaded MHC molecule. First, TCRs are screened for their
ability to weakly recognize endogenous “self” peptides displayed
on an MHC molecule within the cortex of the thymus (Figure 1
and reviewed in Starr et al., 2003).
Those mature T cells that survive thymic selection represent
fewer than 5% of the starting pre-selected thymocyte population
and are exported from the thymus, entering the circulatory sys-
tem to ultimately reside in the peripheral lymphoid organs. It is
believed that following selection in the thymus, the range of TCR
variation is between 106 and 107 (Arstila et al.,1999).
T CELLS PROVIDE AN UNAMBIGUOUS EXAMPLE OF
EVOLUTION DRIVEN BY ENVIRONMENT-EXPOSED CGV
Withevidenceof crypticgeneticvariantsbeingco-optedintoben-
eﬁcial functions (Waddington, 1942, 1957a; for example through
exaptation; Badyaev, 2005), there could potentially be many cir-
cumstanceswherenovelenvironmentsrevealCGVanddriverapid
evolution in natural populations (Palmer, 2004; Hayden et al.,
2011; McGuigan et al., 2011). To clearly demonstrate this evo-
lutionary pathway, several conditions must be met. Populations
typically must occupy habitats that are stable over many gener-
ations (CGV condition 1) and accumulate considerable genetic
diversity while exhibiting only small trait differences (CGV con-
dition 2). When presented with novel environments, the same
population needs to display new quantitative traits (CGV condi-
tion3)thathaveaheritablebasis(CGVcondition4)andthusmay
contributetoevolutionwithinthenovelenvironment(Gibsonand
Dworkin, 2004;Whitacre,2012).
Each of these conditions corresponds with well-characterized
features in the adaptive immune system. T cells develop in a stable
thymicenvironmentwhereasub-populationisselectedtomature
and leave the thymus based on positive/negative selection. To sat-
isfy the selection conditions, TCRs must have an afﬁnity to host
cellproteinfragmentsthatisstrongenoughtoresultinnon-trivial
adhesion between the T cell and host cell but is not so strong as
to elicit T cell activation. The result is a thymic environment that
efﬁciently selects for mature T cells with similar behavior under
“normal” conditions that are devoid of foreign antigens. These
selection conditions within the thymus are stable and remain the
same throughout the lifetime of the organism (CGV condition 1).
The genome:proteome landscape of TCR contains many dis-
tinct proteins that are functionally equivalent for the selection
conditions of the thymus. Because thymic selection cannot dis-
tinguish between these neutral variants, this allows for the accu-
mulation of a genetically diverse repertoire of receptors across the
naïve T cell population (CGV condition 2). However, these TCRs
retain functional differences that,while hidden in the initial selec-
tion context of the thymus, can lead to the expression of highly
distinct cell responses (activation) when T cells are removed from
their initial developmental environment and presented with anti-
gens. Each novel (antigen) environment leads to the activation
of a small unique subset of naïve T cells, which at the popula-
tion level appears as a widening of the T cell population’s afﬁnity
distribution (Figure 1). The antigen-speciﬁc exposure of T cell
afﬁnitydifferencesisanexampleof traitdifferencesreleasedunder
novel environmental conditions and is a hallmark of CGV (CGV
condition 3). Antigen-speciﬁc T cell response differences have a
clear genetic basis that is found in the variation of alpha and beta
chains (CGV condition 4). Moreover, in a properly functioning
immune system, the exposure of response differences leads to
activation and subsequent clonal expansion for a small selected
set of T cells, demonstrating the evolutionary relevance of this
CGV. Deﬁning characteristics of the innate and adaptive immune
responseinTcellsthuscorrespondwithdeﬁningcharacteristicsof
evolutionarilyrelevantCGVphenomena(summarizedinFigure2
and A Summary of CGV’s Role in T-cell Activation in Appendix).
Together,thesefeaturesformallyestablisharoleforcrypticgenetic
variation in a well-deﬁned evolving cell population.
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FIGURE 1 |Thymic selection ofT cells. (A) ImmatureT cells (called
thymocytes) enter the thymic cortex and, supported by factors secreted by
cortical thymic epithelial cells (cTECs, green), undergo differentiation. During
this timeTCR re-arrangement occurs until an activeTCR is expressed along
with both the CD4 and CD8 co-receptors (double positive/DP stage).Those
DP thymocytes that have a functionalTCR and survive commit to a single
positive (SP) state (SP thymocytes express either CD4 or CD8, but not both)
and migrate to the thymic medulla. Here, SP thymocytes systematically scan
medullary thymic epithelial cells (mTECs, shown in brown) and dendritic cells
presenting self-peptides in their MHC molecules. During the SP thymocyte
stage, any thymocyte that expresses aTCR that has an above threshold
afﬁnity to self-peptides undergoes apoptosis and dies. Surviving thymocytes
eventually exit the thymus and enter the periphery as mature, naïveT cells.
(B) Positive and negative selection is determined byTCR afﬁnity to their
peptide/MHC ligand. Once aTCR is expressed on the cell surface it
immediately begins interacting with MHC molecules presenting
self-peptides. FunctionalTCR’s generate a basal signal output that, although
insufﬁcient to cross the activation threshold, is still necessary for thymocyte
survival.TCR’s that cannot recognize peptide/MHC complexes ultimately die
by neglect. Surviving thymocytes then migrate to the thymic medulla where
they are exposed to self antigen through promiscuous gene expression in
mTECs and DCs. AnyTCR that reacts with a self-peptide with too high of an
afﬁnity will induceT cell activation and apoptosis. Only thymocytes with a
functionalTCR, which is competent to trigger low-level signaling but does not
cross the activation threshold to self-peptides, is positively selected and
permitted to exit the thymus.
AN IDEAL EXPERIMENTAL SYSTEM
T cell adaptive immunity provides ideal genotypic, phenotypic,
and environmental conditions that allow links between CGV and
environment-induced adaptation to be clearly established. For
one, the adaptive immune response preserves selected pheno-
types (memory T cells) without continued stimulation from the
environment and without the need for additional genetic accom-
modation. CGV can thus be isolated from future environmental
changes and genetic changes that would continue to take place
when CGV is revealed in natural populations such as genetic
accommodation and drift.
Adaptive immunity also has a well-characterized genetic basis
with a small genetic footprint, despite T cell activation being a
highlypolygenictrait.RelevantgeneticdifferencesbetweenTcells
are constrained to a single TCR receptor with a genetic sequence
that is highly constrained to a predeﬁned space of recombined
alpha/beta chains. TCR is generated through a stochastic recom-
bination of gene segments.As a result of this recombination,each
gene segment can contribute to activation differences in the T cell
repertoire yet remains cryptic within a number of genetic back-
grounds.ThisprovidesanimportantsimilaritytoCGVinsexually
reproducing populations without the presence of other features
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FIGURE 2 | Comparing attributes ofT cells (cell development and
activation) with CGV in natural populations. In both cases, genetic
diversity arises in a stable environment that selects cells/organisms that fall
within a narrow band of trait values. When exposed to a novel environment,
trait differences are revealed in the population. In adaptive immunity, we
consistently observe a subset of cells that are selected to undergo clonal
expansion. In natural populations, a change in the environment does not
always immediately reveal trait differences that are selectively relevant;
however selection of sub-populations with selective advantage resulting from
CGV is expected to take place over sufﬁciently long timescales.
of sexual reproduction that would otherwise arise, such as link-
age disequilibrium and assortative mating. Furthermore,with the
immune system there is no need to isolate CGV from other causes
ofgeneticdiversitysuchasenvironmentalheterogeneityordensity
dependent selection.
The environmental changes that induce T cell responses are
also well-characterized by changes in antigens attached to the sur-
faces of APCs. Because the time between infections is typically
muchlongerthantheimmuneresponsetime(Tcellactivationand
transition to long-lived memory cells),environmental volatility is
not a confounding factor. In addition,environment-induced trait
differences are nicely characterized by a digital on/off activation
response.
In contrast,evolution in natural populations proceeds through
a concurrent stochastic population process where both standing
genetic variation and de novo mutations contribute to adaptation,
and where non-selective factors such as genetic drift and genetic
hitchhiking also inﬂuence allele frequencies. Studying the con-
tribution of CGV in evolution is also difﬁcult because its role
is typically revealed in a heterogeneous and dynamic environ-
ment where genetic assimilation (Schmalhausen and Dobzhan-
sky,1949;Waddington,1953,1957b) and genetic accommodation
(West-Eberhard, 2003, 2005) are sometimes needed to preserve
the inheritance of phenotypic adaptations in the face of ongo-
ing environmental change (West-Eberhard, 2003; Pigliucci et al.,
2006). By isolating CGV from these factors,T cell adaptive immu-
nity provides an experimental system where the contribution of
CGV toward rapid evolution of cellular phenotypes can be clearly
established and conﬁrmed.
It is worth clarifying why we focus on adaptation in T cells
and not B cells. The adaptive response in naive T cells arises
from CGV exposure within a novel environment and does not
involve a classic genetic search process where the onset of adap-
tation would take place by the discovery of a novel allele. The
story is more complicated in B cells because adaptations can arise
from both CGV and a genetic search process. In particular, after
the environment-dependent activation of B cells, a genetic search
occurs that involves clonal expansion, hyper-mutation, and selec-
tion, with the result being a more ﬁnely tuned memory B cell.
Clearlybothgene-inducedandenvironment-inducedadaptations
are therefore relevant to the immune system. By focusing on T
cells we remove any ambiguity as to the origins of adaptation and
also in the subsequent proof of principles that were discussed.
CONCLUDING REMARKS
Evolution is traditionally characterized as a process involving
incremental genetic changes that are discovered and ﬁxed in
a population through genetic drift and selection. While the
genetic basis of heredity is not disputed, it is increasingly rec-
ognized that the introduction of novel alleles is not the only
way that heritable phenotypes originate in species. A grow-
ing body of evidence suggests that changes in the environment
induce heritable and evolutionarily relevant trait differences;
revealing previously cryptic genetic diversity that drives rapid
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evolution (Schmalhausen and Dobzhansky, 1949; Waddington,
1953, 1957b; West-Eberhard, 2003, 2005; Gibson and Dworkin,
2004;Palmer,2004;BarrettandSchluter,2008;Schlichting,2008).
However,multiple confounding factors normally make it difﬁ-
culttodemonstratetheevolutionarysigniﬁcanceofcrypticgenetic
variation (Barrett and Schluter,2008; McGuigan and Sgrò,2009).
Evidence of environment-exposed CGV driving heritable changes
inademeissporadicatbest(McGuiganandSgrò,2009);itremains
difﬁcult to systematically uncover, and its plausibility is thus far
onlyindirectlysupportedbythecontrolledmanipulationof artiﬁ-
cialenvironments(BarrettandSchluter,2008;Haydenetal.,2011;
McGuigan et al., 2011) or phylogenetic analysis (Palmer, 2004;
Barrett and Schluter, 2008).
In this article we have recounted how T cell maturation
and antigen-speciﬁc activation provide a clear and unambiguous
example of environmental exposure of cryptic genetic variation
thatdrivescomplexphenotypicchangesinacellpopulation.CGV
within the TCR repertoire facilitates rapid evolutionary responses
in the adaptive immune system and is fundamental to the survival
of vertebrates in the face of infections from diverse pathogenic
sources.
Cryptic genetic variation-driven evolution may have broad
repercussions to scientiﬁc research investigating the preservation
of species and the eradication of evolvable pathogens. In conser-
vation biology for instance, intraspeciﬁc genetic diversity is a well
known factor in extinction risk. However, only genetic variants
that produce trait differences under future environmental stresses
can mitigate extinction risks. Quantifying G×E interactions for
stresses that a species may encounter in the future,for instance by
selecting stresses based on predictive models of regional climate
change,shouldrevealbiodiversitywiththegreatestsigniﬁcancefor
species conservation efforts. Moreover, with limited conservation
budgets,strategiesforpreservingthismuchsmallerCGVfootprint
may provide a more realistic and realizable conservation goal.
On the other hand,in highly evolvable diseases such as aggres-
sive cancers, the accumulation of CGV may contribute to the
rapid evolution of therapy resistance that is seen in the lat-
est generation of targeted therapies (Tian et al., 2011). Tumors
with high genetic diversity have already been shown to more
rapidly evolve resistance to therapies (Gerlinger and Swanton,
2010; Tian et al., 2011). Interestingly, the therapeutic strategies
used today may inadvertently play to the strengths of evolvable
cancers(Readetal.,2011).Forinstance,therapiesareoftenapplied
long after therapy resistance is ﬁrst established in the cancer cell
population, thereby allowing a founder population to grow and
acquire the genetic diversity needed for further adaptation to
the next therapy that is eventually applied. If the therapy were
instead changed at the point of lowest CGV, the cell population
would be highly vulnerable to new environmental stresses in a
manner analogous to the extinction risks posed by low genetic
diversity in natural populations. CGV will not readily accumu-
late in a rapidly changing environment with strong directional
selection and we propose therefore that dynamic therapeutic
strategies could provide a new approach to reducing the evo-
lutionary potential of cancers containing high levels of genetic
diversity.
Using an ideal model system, this paper formally establishes
links between cryptic alleles and environment-induced adapta-
tion in a complex cellular phenotype. As conﬁrmation of these
principles is further documented in other biological contexts and
becomesmorewidelyaccepted,weanticipatethatCGVwillactasa
focalpointineffortstopreserveoreradicateevolvingpopulations.
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APPENDIX
CRYPTIC GENETIC VARIATION AND EVOLUTION
Trait robustness toward mutations and environmental variations
is conditional upon both the genetic and environmental back-
ground.Within a particular environment,trait robustness toward
mutations enables considerable genetic diversity to accumulate
under mutation-selection balance. While many genetic variants
may appear silent or cryptic with this environment, the condi-
tionality of trait robustness on the environmental background
means that such populations will reveal heritable trait differ-
ences within novel environmental conditions. This phenomenon
is referred to as cryptic genetic variation (CGV) and has been
hypothesized to be a source of rapid evolutionary adaptation in
new environments.
Confusion about the role of CGV in evolution can be attrib-
uted to long-standing difﬁculties in understanding relationships
between robustness and adaptation and also due to historical
descriptions of evolution as a genetic search process. For example,
Mutational Robustness – the stability of the phenotype to muta-
tions – was originally predicted to impede evolvability (Frank,
2007; Wagner, 2008) because it lowers the mutational accessi-
bility of distinct heritable phenotypes from a single genotype
and it reduces selective differences within a genetically diverse
population (Wagner, 2008). Only in the last decade has a res-
olution to this paradox been established for mutational (Cilib-
erti et al., 2007; Wagner, 2008; Whitacre and Bender, 2010)
and environmental (Whitacre, 2012) forms of robustness. For
instance,mutationalrobustnessisnowbelievedtofacilitateevolv-
ability in two ways: ﬁrst by establishing genotypic neutral net-
works from which large numbers of distinct genotypes can be
sampled (Wagner, 2008) and second by allowing genetic diver-
sity to arise in a population with subsequent trait differences
revealed in an environment-dependent manner (Whitacre,2012).
Both of these pathways to adaptation occur due to the pres-
ence of CGV in populations (see Figure A1). However, what
is not yet well appreciated is the important role that CGV
can play when evolution occurs in a dynamic environment.
In particular, CGV may provide the necessary fuel for adap-
tation under new stressful environments while bypassing the
negative selection that limits phenotypic variability under stable
conditions.
SUMMARY OF T CELL SELECTION IN THE THYMUS
Thymic development of T cells begins with the entry of T cell
progenitors into the thymus through blood vessels near the
cortico-medullary junction (Le Douarin and Jotereau, 1975).
Thymic entry into the cortex initiates a program of differen-
tiation that includes TCR gene rearrangement and expression,
in combination with changes in expression of cell surface pro-
teins (Nitta et al., 2008). The α and β chains of the TCR are
directly responsible for ligand recognition and therefore repre-
sent the variable and unique portion of each TCR complex that
interacts with peptide–MHC complexes. The variability of each
α and β chain is generated by the random selection and impre-
cise joining of different germline encoded gene segments. During
development, thymocytes ﬁrst begin forming the TCR β chain
by the assembling one variable (V), one diversity (D), and one
joining (J) gene segment to an invariant constant region (C)
from a “library” of V (n =52), D (n =2), and J (n =13) seg-
ments that are all initially encoded within each β gene locus
(Schatz, 2004). The recombination of these gene segments also
involves the addition of random nucleotides at each gene seg-
ment junction further increasing the variability seen in TCR
repertoires. The newly formed β chain pairs up with a surro-
gate, pre-formed α chain called the pre-T cell α (pTα), as well
as with the CD3 chains, forming a pre-TCR. The pre-TCR has
all the signaling components of a mature TCR, leading to cellu-
lar proliferation, the arrest of β chain gene re-arrangements, and
the expression of CD4 and CD8. These CD4/CD8 double positive
(DP) thymocytes comprise the majority of thymocytes within the
thymus.
Once the pre-TCR DP thymocytes cease proliferating they
become smaller and begin the genetic re-arrangement of the TCR
α chain. The α chain rearrangement is similar to that of the β
chainexceptthattheαchainiscomposedof onlyoneV(n =∼70)
and one J (n =61) segment fused again to an invariable constant
region. The α and β chains, if recombined successfully, are then
co-expressed and assembled with the CD3 chains to form a TCR
with speciﬁcity that is unique to that cell. Studies have suggested
that this mechanism can potentially generate 1012–1015 differ-
ent possible TCRs (Davis and Bjorkman, 1988). The stochastic
generation of the TCR by V, D, J recombination thus consti-
tutes a large, pre-established genotype space for TCR and along
withitsassociatedantigenicspeciﬁcityprovidesarelativelysimple
and well-deﬁned ﬁtness landscape of T cell activation. Expres-
sion of the successfully rearranged TCR together with the TCR
co-receptor CD3 leads to the commitment to the TCRαβ lin-
eage and the expression of CD4 and CD8 co-receptors to create
DP thymocytes (Petrie et al., 1990a,b). DP thymocytes express-
ing TCRαβ move actively within the cortical microenvironment,
scanning thymic cortical epithelial cells (cTECs) MHC molecules
(Witt et al., 2005). Functional TCRαβ receptors that respond to
selfpeptide–MHCcomplexesoncTECsareinducedtosurviveand
proliferate (Ashton-Rickardt et al.,1993),whereas TCRs defective
forMHCbindingdiefromneglect(Sebzdaetal.,1994).Theselec-
tion for functional TCRs within the cortex is known as positive
selection. During positive selection, differential kinetics of TCR–
MHCinteractiondrivesDPthymocytestodifferentiatetobecome
CD4+ or CD8+ single-positive (SP) thymocytes (Sebzda et al.,
1994).
Positively selected SP thymocytes then move to the thymic
medulla, where they reside for 4–5 days before being licensed
to exit the thymus and enter peripheral circulation (Takahama,
2006; McCaughtry et al., 2007). The thymic medulla is a special-
izedenvironmentwheredevelopingSPthymocytesareextensively
screenedfortolerancetoself-antigens,includingperipheraltissue-
speciﬁc antigens (Takahama, 2006). Medullary thymic epithelial
cells (mTECs) ectopically express thousands of tissue-restricted
antigens (TRAs) (Anderson et al., 2002), a phenomenon unique
to mTECs known as promiscuous gene expression (Derbinski
et al., 2001). Promiscuous gene expression allows mTECs to
presentantigenspresentinallorganswithintheirMHCmolecules
(Derbinskietal.,2001).InadditiontomTECs,thethymicmedulla
also contains a heterogenous population of thymic dendritic cells
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FIGUREA1 |The relationship between cryptic genetic variation and a
population’s propensity to evolve. Left Panel: When many genotypes
with similar ﬁtness are present in a ﬁtness landscape, these can connect
to form a neutral network (NN, see black nodes). Distinct heritable
phenotypes are still accessible through mutations that lead to genotypes
that are not members of NN (see colored nodes). Larger NN can extend
through larger regions of the ﬁtness landscape and have access to a
greater range of distinct heritable phenotypes (Ciliberti et al., 2007;
Wagner, 2008; Whitacre and Bender, 2010; Whitacre, 2012). Right Panel,
Genetically induced adaptation: If the environment is stable, a population
will diffuse and drift over the NN allowing it to sample many heritable
phenotypes over time and thereby supporting evolution. Right Panel,
Environmentally induced adaptation: Both the properties of individual
phenotypes and entire ﬁtness landscapes depend on the environment. In
a stable environment, a population is able spread over a region of the NN
because these genetic differences are selective cryptic. However a
change in the environment can inﬂuence each genotype differently so that
genetic distinctions in the population are revealed as phenotypic
distinctions as well. At the ﬁtness landscape level, this appears as a partial
collapse of the NN.
(Wu and Shortman, 2005). Two thirds of thymic dendritic cells
originate from within the thymus (intrathymic DCs) (Donskoy
and Goldschneider, 2003), the remaining third are immigrants
fromperipheralsites(migratoryDCs)(Lietal.,2009).Intrathymic
DCs represent a second route to present mTEC-derived antigens
to SP thymocytes,which includes secreted molecules,as well as all
majorsubcellularcompartmentsincludingmembrane,cytoplasm,
and nuclear antigens (Koble and Kyewski, 2009). Migratory DCs
are thought to present both peripheral self antigens as well as
potentially presenting innocuous foreign antigens such as those
present in gut ﬂora (Klein et al., 2009). Thus promiscuous gene
expression by mTECs, combined with antigen presentation by
intrathymicandmigratoryDCs,providesamirrorof self-antigens
present throughout the organism. SP thymocytes use their time
in the thymic medulla to extensively scan the self antigen-MHC
complexesof tMECs,intrathymicDCs,andmigratoryDCs(Klein
et al., 2009). If a cell has too high of an afﬁnity for a self-MHC
presented in the thymic medulla, it will trigger activation of
the TCR, which during this T-cell developmental stage leads to
apoptosis (Daniels et al., 2006). Apoptosis of self-reactive thy-
mocytes in the thymic medulla efﬁciently removes auto-reactive
thymocytesfromtheT-cellrepertoire,aprocessknownasnegative
selection.
SUMMARY OF TCR ACTIVATION AND DOWNSTREAM SIGNALING.
Figure A2 summarizes the primary steps of TCR activation most
relevant to our argument. For the purposes of this review, we
have not discussed many of the other receptor ligand interactions
required for T cell activation (reviewed in Rudolph et al., 2006).
However there are several factors that can affect the overall state
of T cell activation. With each naïve T cell expressing a unique
TCR, T cells must constantly sample MHC molecules if they are
to discover the presence of foreign peptide with enough afﬁnity to
clear the threshold for activation. On the surface,this would seem
like a very rare occurrence. Indeed, experiments using well char-
acterizedpathogenswithknownimmunodominantpeptideshave
elegantly shown that the estimated number of cells from a nor-
mally derived repertoire, which has sufﬁcient afﬁnity to respond
to a particular foreign peptide, is anywhere from 3×10−4 to
6×10−7 depending on the pathogen (Moon et al., 2007; Alanio
et al.,2010). One factor that contributes to appropriate T cell acti-
vationinthepresenceof rareforeignantigensisthelengthof time
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FIGUREA2 |T cell activation.TheTCR complex (TCR α and β chains and
CD3) and the co-receptors CD4 or CD8 are associated with tyrosine kinases
of the Src family. When theTCR binds to an MHC presenting its cognate
antigen, the co-receptors CD4/CD8 also bind the MHC molecule on the
APC surface.The dephosphorylation of Src kinases by the phosphatase
CD45 leads to their activation, and the Src kinases phosphorylate ITAMs
within the receptor complex (red circles). ITAM phosphorylation then leads
to the recruitment and activation of the kinase Zap70 and the subsequent
recruitment of multiple other signaling molecules. One crucial event is
activation of the enzyme phospholipase C γ-1, leading to activation of the
three main signaling pathways that driveT-cell activation, the Ras-MAP
kinase Pathway, the protein kinase C pathway, and calcineurin pathway.
These pathways culminate in the activation of the transcription factors
NF-κB, NFAT, and AP-1, initiating gene transcription and resulting in the
differentiation, proliferation, and effector activity ofT-cells.
the T cell remains engaged with the APC. Studies show that T
cell surveying APC loaded with only endogenous peptide display
short transient interactions with the APC (Salazar-Fontana and
Bierer, 2001). When peptides speciﬁc for the TCR are added, the
T cell remains engaged to the APC on the order of hours, which
ultimately results in T cell activation (Miller et al., 2002, 2004). It
isalsoimportanttonotethatotherfactorscanaffecthowtheTCR
interacts with the peptide/MHC molecule such as TCR clustering,
endocytosis, and degradation of the TCR following engagement
(reviewed in Salazar-Fontana and Bierer, 2001; Rudolph et al.,
2006; Smith-Garvin et al., 2009).
A SUMMARY OF CGV’s ROLE IN T-CELL ACTIVATION
In the context of the adaptive immune system, the hide
and environment-dependent release of heritable trait differ-
ences (CGV) is facilitated by the stochastic recombination of
TCR gene segments (source of genetic variation), and the sta-
ble positive/negative selection conditions in the thymus. The
genome:proteome landscape of T cell receptors contains many
distinct proteins that are functionally equivalent for the selection
conditionsof thethymus,i.e.thelandscapecontainsahighdegree
of functional neutrality. T cell maturation statistics suggest that
this functional neutrality is present in roughly 1–5% of the total
TCR G:P landscape. Because selection conditions in the thymus
cannot distinguish between these neutral variants, this allows for
the accumulation of a genetically diverse repertoire of receptors
across the naïve T cell population. However,these T cell receptors
retain structural (entropic and thermodynamic) differences that,
while hidden in the initial selection context of the thymus, can
lead to the expression of highly distinct cell responses (e.g., acti-
vation)whenT-cellsareremovedfromtheirinitialdevelopmental
environment and presented with antigens.
In summary, the stochastic recombination of TCR gene seg-
ments,and the positive/negative selection in the thymus combine
to establish non-trivial T cell population properties that result in:
(1) heritable differences in T-cell receptors that map to the same
afﬁnity response for host cells (silent genetic diversity), (2) the
exposure of unique afﬁnities for T cells that are presented with
foreign antigens (exposure of heritable phenotypic differences),
(3) the ability of some of these environment-dependent responses
to invoke T-cell activation and subsequent clonal expansion (the
discovery of new selected phenotypes) when presented with for-
eignantigens.Together,thesefeaturesestablishawell-deﬁnedrole
for cryptic genetic variation in an evolving cell population.
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